This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1 Opening the band gap in graphene can significantly broaden its applications in electronic devices. By introducing four types of graphene-like carbon nitride (g-C 3 N 4 ) as the substrate of graphene, we reveal, with first principles calculations, symmetry and size dependent band gap opening in graphene. On the one hand, for a substrate with a 3-fold rotational symmetry, a small C 3 N 4 unit can cause a large value of the band gap in the graphene layer. On the other hand, the band gap also depends on the symmetry of the substrate. A 3-fold symmetry induces a relatively small band gap, while rectangular and oblique symmetries result in a relatively large band gap opening in graphene but cause a much heavier effective mass of charge carriers. The former case is due to the nonequivalence of sub-lattices in graphene induced by the substrate, while for the latter case, interfacial hybridization plays the main role in band gap opening in graphene. Our theoretical findings can pave the way for the use of graphene -based semiconductor devices.
Introduction
Due to its high carrier mobility, graphene has been considered to be one of the most likely candidates for the development of the next generation of nano-devices. However, the intrinsic zero band gap of graphene obstructs its further applications in field effect transistors (FETs). Thus, opening and tuning the band gap of graphene has been one of the important issues in the applications of graphene-based nano-devices. Many methods have been proposed to open the band gap in graphene. Generally, they can be classified into three types: 1. size effect 1,2 ; 2. destroying the symmetry of graphene by introducing an antidote lattice 3 , chemical functionalization [4] [5] [6] , inhomogeneous strain 7 , or substituting carbon atoms with foreign atoms 8, 9 ; and 3. substrate effect [10] [11] [12] [13] . The first two methods can induce a relatively large gap opening, but cause significant reduction of the carrier mobility due to the scattering centres arising from the boundaries, defects or substituted sites.
Different from the first two methods, the third approach has the following advantages: first, the required epitaxial graphene layers can be synthesized and controlled much more easily than can doping and chemical functionalization in graphene; second, due to the weak Van der Waals interactions with substrates, the π electrons in graphene are only weakly modified, retaining most characteristics of a Dirac cone; third, the band gap can be tuned by changing the interactions between substrates and graphene through controlling the interlayer distance 14 or perpendicular electric field 15 . Experimentally, the epitaxial graphene layers are fabricated mostly on SiO 2 16 or SiC 17 . However, due to their rough surfaces and lattice mismatch, high-quality graphene sheets are hard to obtain 18 . Recently, the successful synthesis of high-quality graphene on hexagonal boron nitride 19, 20 has paved the way for the substrate-based electronic tailoring of graphene. Another hexagonal layered structure is graphitic carbon nitride (g-C 3 N 4 ), which has been proposed as an excellent photocatalyst. Using g-C 3 N 4 as a substrate of graphene 21 , not only can the band gap be opened in graphene but also the photocatalytic activity in the visible light range for the g-C 3 N 4 substrate can be clearly enhanced. In experiments, the graphene-g-C 3 N 4 heterostructure has been successfully synthesized 22 , which extends the possibility of the electronic engineering of graphene.
The possible origin of the substrate induced band gap opening in graphene has been attributed to the lifting of the equivalence of its two carbon sub-lattices. More specifically, due to the electrostatic potential difference 14 (EPD) induced by the substrate, charge redistribution occurs in the graphene. Therefore, by tuning the EPD, the band gap in graphene can easily be controlled. Numerical calculations 23 show that periodically patterned gates on graphene can induce band gap opening. As a result, the super-lattice with different symmetry in graphene results in band gap opening. However, these patterned gates are difficult to produce experimentally at the nano-scale. So far, most of the studies based on first principles calculations have focused on the stacking order or different strengths of EPD induced by substrates; the symmetry effect induced by the substrate has been seldom investigated.
In this work, we investigate the band gap opening in a graphene layer tuned by a g-C 3 N 4 single layer substrate. Using four types of single layer g-C 3 N 4 substrates with different symmetries as well as different sizes of the C 3 N 4 unit, we revealed that the interactions between substrate and graphene can be significantly altered. For the substrates with 3-fold rotational symmetry, smaller C 3 N 4 units can induce larger band gaps in graphene; for substrates with non-3-fold symmetry, more deviation from 3-fold symmetry will induce larger modification of the Dirac cones, and result in larger band gap opening in the graphene.
The EPD effect has been proposed as the main origin of the band gap opening in graphene induced by a single-layer substrate. In the case of boron nitride (BN) on graphene (Gr), due to the weak interlayer interaction, little orbital hybridization occurs at the interface between layers, resulting in slight band gap opening. In this work, by introducing g-C 3 N 4 substrates with different geometric structures, we found that the interfacial hybridization is enhanced by tuning the symmetry of the substrate. Therefore, the band gap becomes larger in graphene but at the cost of lowering the effective mass at the Dirac point. Our results provide a way to tune the band structure of Dirac cones, which can be significantly important in the applications of electronic nano-devices.
Geometrically, g-C 3 N 4 is composed of triazine 24 units or heptazine 25 units. Both C 3 N 4 units show triangular shape but the size of the unit is larger for heptazine. With different sizes of C 3 N 4 units and connection patterns, four types of g-C 3 N 4 allotropes are formed, which are denoted as CNG substrates, as shown by balls and sticks in Fig. 1 . Two of them show 3-fold symmetry but with different C 3 N 4 units, which are denoted as T-CNG tri and T-CNG hep ; the symmetries of the other two allotropes are rectangular (R) and oblique (O) respectively, and these two are denoted as R-CNG tri and O-CNG hep , respectively. The stabilities of the four allotropes have been discussed previously [26] [27] [28] . Since the main purpose in this paper is to study the symmetry effect on the modification of Dirac cones in graphene, the formation energies of the systems as well as the relative stabilities between them will not be discussed here.
Computational details
To relax the CNG/Gr bilayer systems, first principles calculations were performed with the SIESTA-trunk package 29 .
The double zeta (DZP) basis set was chosen with an energy shift of 10 meV. Norm-conserving pseudo-potentials 30 were used to describe the interactions between the core ions and valence electrons. VdW-DF1 long-range dispersion functionals 31 were applied to describe the Van der Waals interaction between layers. The Brillouin zone summations were carried out with the Monkhorst-Pack scheme. We applied 6×6×1 Monkhorst-Pack k-points for the structure relaxation, while for electronic property calculations, the Brillouin zone was sampled using 16×16×1 k-points. A dipole correction was applied to subtract the artificial dipole moment between periodic cells. The vacuum perpendicular to the bilayer was set to no less than 18 Å , which is large enough to ignore the interactions between cells. 
Results and discussion
The optimized geometric structures are shown in Fig. 1 . All four types of substrate were slightly buckled due to the repulsion between the lone pair electrons on the twocoordinated nitrogen atoms. The average interlayer distances were obtained between the centres of the g-C 3 N 4 substrate and graphene layer. As shown in Table 1 , all the bilayer systems show the interlayer distance as being clearly shorter than that of bilayer graphene as well as that of the BN/Gr bilayer system 14 , indicating much stronger interlayer interactions. Due to the interactions between layers, a band gap opens at the Dirac point. Specifically, for the CNG substrate with 3-fold symmetry, the one with larger C 3 N 4 units (T-CNG hep ) induces larger band gaps in graphene; for the CNG substrate derived from 3-fold symmetry, the induced band gap will become larger. In particular, for the R-CNG tri substrate, the band gap becomes as large as ~455 meV, indicating a much larger interlayer interaction. It should be noted that the band gap of T-CNG hep /Gr is 70 meV in Ref. (21) , slightly larger than our result here (~50 meV). This is because the interlayer distance is about 0.15 Å larger than their result due to the different VdW scheme used. Since the mechanism of band gap opening is not dependent on the VdW scheme used, we do not discuss this aspect in this paper. To further analyze the modification of the Dirac cone in graphene, we calculated the band structures of the heterobilayer systems. As shown in Fig. 2 , for CNG substrates with heptazine units, the modified Dirac cone in graphene appears at the Г special point while for the ones with triazine units, it remains at the special point Κ. For the CNG substrate with 3-fold symmetry, the Dirac cone in graphene is slightly modified and the linear dispersion around the Dirac point is almost maintained. However, when the substrate deviates from 3-fold symmetry, the modification of the Dirac cone becomes obvious: first, the band gaps in graphene clearly increase; second, the slopes of the conduction bands and valance bands decrease, indicating much lower carrier mobility. To evaluate the carrier mobility, we also calculated the effective mass of electron and hole carriers at the Dirac point based on the expression * = ℏ 2 2
2
. As shown in Table 1 , massless and almost massless carriers exist in the T-CNG tri /Gr and T-CNG hep /Gr systems, respectively, while relatively heavy carriers exist in the R-CNG tri /Gr and O-CNG hep /Gr systems, indicating stronger interaction between layers for the latter cases.
In previous studies, band gap opening was explained as being due to charge redistribution in the graphene layer, which causes the inequivalent sub-lattices in graphene. Little orbital overlap between graphene and substrate layers was observed. However, in the cases studied here, considering the obvious modification of Dirac cones in the R-CNG tri /Gr and O-CNG hep /Gr systems, it seems that other factors may also have important impacts on the band gap in graphene.
In order to understand the origin of band gap opening, the electron coupling between graphene and CNG substrates was analyzed by characterizing the charge density difference. These differences were obtained by subtracting the electronic charge of hetero-bilayer systems from the charges of independent graphene and CNG substrates, as shown in Fig. 3 . Due to the inhomogeneous CNG substrates, π electrons in graphene are redistributed correspondingly. As a result, electron and hole puddles are formed with different sizes and patterns. The previous studies only considered charge redistribution with 3-fold symmetry due to the substrate used. In this study, since four types of CNG substrates have been introduced, it is possible to study the symmetry as well as the size effect on the band gap opening. The T-CNG hep and T-CNG tri substrates have the same symmetry but possess different sizes of C 3 N 4 units. Due to the EPD effect, the symmetry of graphene is reduced from 6-fold to 3-fold rotational symmetry but with different sizes of electron and hole puddles, as shown in Fig. 3 (a) and (c) . The smaller size of electron and hole puddles induces larger band gap opening. On the other hand, a smaller C 3 N 4 unit results in larger charge transfer from the graphene to the CNG substrate, indicating stronger interfacial electron coupling, which further increases the band gap in graphene. When a T-CNG hep (resp. T-CNG tri ) substrate is replaced by O-CNG hep (R-CNG tri ), the symmetry of graphene changes to oblique (rectangular). At the same time, the corresponding charge transfer from the graphene to the CNG substrate increases, indicating larger orbital overlap between graphene and substrate. Comparing O-CNG hep /Gr and T-CNG tri /Gr, it is found that, in both bilayer systems, the same amount of charge is transferred from graphene to CNG substrates. However, in O-CNG hep /Gr, a larger band gap opens 4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
in the graphene, although the interlayer distance is about ~0.1Å larger than that in the T-CNG tri /Gr bilayer. This indicates that the symmetry of O-CNG hep /Gr plays a role in the band gap opening. To further understand the symmetry effect of the substrates, as a comparison, we firstly calculated the partial density of states (PDOS) of single-layer CNG substrates, as shown in Fig.  4 . The frontier orbitals are almost the same for the four types of CNG substrates: the Highest Occupied Molecular Orbital (HOMO) arises from the two-coordinated nitrogen atoms and the Lowest Unoccupied Molecular Orbital (LUMO) is mainly contributed from the p z orbital of carbon atoms. However, their band gaps are totally different. Although the GGA approximation cannot accurately evaluate the exact value of the band gaps of CNG substrates, it is reasonable to compare these gaps. As shown in Table 1 , they exhibit the trend: T-CNG tri > T-CNG hep > O-CNG hep > R-CNG tri . Thus, when the symmetry of the CNG substrate deviates from triangular symmetry, the band gap decreases. In particular, from triangular symmetry to rectangular symmetry, the band gap decreases from 3.19 to 0.75 eV, as shown in Fig. 4 (c) and (d) .
In order to investigate the hybridization effect at the interface, the PDOS of the hetero-bilayer systems were also calculated. As seen in Fig. 5 , due to the electron coupling at the interface, for all four substrates, the LUMO shifts down close to the Fermi level. Especially for R-CNG tri /Gr, its LUMO moves slightly below the Fermi level, indicating a semiconductormetal transition. However, the hybridization effect between the π electrons in graphene and CNG substrates is different: for substrates with triangular symmetry, the hybridization at the interface can be ignored, as shown in Fig. 5 (a) and (c) , while for substrates with non-triangular symmetry, as in Fig. 5 (b) and (c), distinct hybridization occurs between the π electrons at the interface. Interestingly, although the amount of charge transfer from the graphene to the O-CNG hep and T-CNG tri substrates is the same, the orbital overlap at the interface is much larger in the O-CNG hep /Gr system (almost no hybridization exists in the T-CNG tri /Gr system). This can be partially explained by their chemical potential difference with graphene, which can be simply estimated from their band gaps. Graphene is a gapless semi-metal, and O-CNG hep has a much smaller band gap than T-CNG tri . Thus, the π electrons in graphene prefer to couple with the π electrons in O-CNG hep . The largest hybridization occurs for the R-CNG tri substrate, since its chemical potential is very close to that of graphene. On the other hand, the triangular symmetry in graphene only destroys the equivalence of the sublattices but maintains the symmetry of the sub-lattice, while the non-triangular symmetry in graphene induces the loss of equivalence as well as the symmetry of the sub-lattices.
Thus, both the hybridization and the symmetry affect the band gap opening in graphene. When the symmetry of the CNG substrate deviates from triangular, the band gap in graphene becomes larger. However, the modification of the Dirac cone increases at the same time. Thus, the calculated effective masses for graphene with the O-CNG hep and R-CNG tri substrates are much larger than those with the T-CNG hep and T-CNG tri substrates. Furthermore, for the R-CNG tri substrate, a flat band appears in the gap of graphene. By comparing the system with the T-CNG hep and O-CNG hep substrates, it is evident that the band gap can be tuned by changing the symmetry of the substrate. Since T-CNG hep and O-CNG hep have almost the same band gaps, indicating similar chemical potential differences with graphene, a chemical potential difference induced interfacial hybridization should have a similar effect. However, a relatively larger band gap opens in graphene for the system with the O-CNG hep substrate. In Table 1 , it can be seen that although the interlayer distance is larger in O-CNG hep /Gr than in T-CNG hep /Gr, the charge transfer is larger for O-CNG hep /Gr than for T-CNGhep/Gr. For singlelayer graphene, it is known that the π electronic structure displays very high rigidity. However, in the case of O-CNG hep /Gr, due to the breaking of the symmetry of the sublattices, the rigidity of π conjugation can be significantly reduced. Therefore, larger charge transfer occurs for O-CNG hep /Gr than for T-CNG hep /Gr.
Since no or little hybridization appears at the interface between graphene and the CNG substrate with triangular symmetry, the linear dispersion is retained (or changed little). Thus, substrates with triangular symmetry show superiority over ones with non-triangular symmetry in the applications of semi-conductor devices with super high carrier mobility. For potential applications, we designed a sandwich structure with ABA stacking as shown in the inset in Fig. 6 . It is found that the value of the band gap in graphene is ~133 meV, which is almost twice that of the bilayer system discussed in Ref. (21) . To evaluate the distance effect between layers, we calculated the band gaps and the effective mass of the hole carriers for decreasing interlayer distances. As shown in Fig. 6 
Conclusions
In summary, based on first principles calculations, four types of single-layer CNG substrates were investigated to tune the π-electronic structure in graphene. It was found that the band gap in graphene is dependent on the symmetry of the substrate as well as the size of the C 3 N 4 unit. A smaller C 3 N 4 unit induces a larger band gap opening in graphene. For CNG substrates with 3-fold rotational symmetry, the band gap opens at the Dirac point with relatively small values, but the mobility of charge carriers is higher than the one caused by BN substrate. For the CNG substrates deviating from 3-fold rotational symmetry, a relatively large band gap opens in graphene. The band gap opening in the four cases is attributed to the electrostatic potential difference (EPD) as well as the interfacial hybridization. For substrates with 3-fold rotational symmetry, the EPD effect plays the main role in the band gap opening, while for substrates deviating from 3-fold rotational symmetry both the EPD and interfacial hybridization impact the band gap opening in graphene. On the one hand, the smaller chemical potential difference between graphene and substrate induces larger interfacial hybridization; on the other hand, the rigidity of π conjugation in graphene can be reduced more effectively by a substrate with non-3-fold rational symmetry, which further enhances the interfacial hybridization. For applications in electronic devices with high carrier mobility, we propose a sandwich structure which can increase the band gap opening in graphene without destroying the linear dispersion of the Dirac cone. Our finding provides a deeper understanding of the symmetry effect on the band gap opening in graphene induced by the substrate. Through tuning the band structure of the Dirac cone in graphene by using substrates with different symmetries, the applications of graphene in electronic devices can be further extended.
